Abstract
Introduction
Electrical conductivity anomalies are revealed by magnetotelluric surveys in volcanic regions [Jones, 1999; Partsch et al., 2000; Hoffmann-Rothe et al., 2000; Brasse et al., 2002; Scarlato et al., 2004] . Their interpretation requires experimental data and models of electrical conductivity for natural magmas. Electrical conductivity reveals the mobility of charge carriers in the presence of a gradient in electrical potential. Therefore, this property is extremely sensitive to chemical composition, as well as to phase assemblages and texture [Roberts and Tyburczy, 1999] . As a first step, models of electrical conductivity of silicate melts as a function of composition are needed. Gaillard [2004] presented electrical conductivity data for a silicic melt composition at different temperatures and pressures up to 400 MPa. An increase in conductivity associated with the addition of water was observed. [2005] demonstrated changes in electrical conductivity during crystallization of an intermediate composition magma and attributed the modifications observed to variations in the composition of the residual melt. Here, we use these approaches to provide the first measurements of electrical conductivity for the potassic series of Mt.
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Vesuvius (Italy).
were considered in this study. [Di Maio et al., 1998; Manzella et al., 2004 ; ] 6>20 the magnetotelluric (MT) data show evidence for a low-resistivity zone at a depth of approximately 6-8 km. Seismic studies [Zollo et al., 1996; Auger et al., 2001; Nunziata et al., 2006] have identified a low-velocity layer at comparable depths and ive than its local environment. Such an anomalous layer, imaged both by the electromagnetic and the seismicdata, may be interpreted as a magma chamber (see references above). To test this hypothesis, data on the electrical conductivity of Mt. Vesuvius magmas are required. T such data comparison between laboratory and field measurements of electrical conductivity is essential improv the interpretation of geophysical data and better defining geostructural features [Roberts and Tyburczy, 1999] . Previously, Scarlato et al. [2004] have used electrical conductivity measurements to assist the geophysical interpretations on the internal structure of Mt. Etna. In this study, electrical conductivity measurements are presented for tephrite to phonolite melt compositions. current database on electrical conductivity of silicate melts [Gaillard and Iacono Marziano 2005] . The main experimental parameters include temperature, pressure and the water content of the melt, the conductivity measurements being obtained both for dry and hydrous melts. A model fitting the electrical conductivity data has been established and is valid for the entire range of compositions considered in this paper. We compare our laboratory data with field measurements at Mt. Vesuvius and then discuss the likelihood of a magma storage zone.
Basic concepts of electrical conductivity and previous works
he electrical conductivity of a material expresses the aptitude of charge carriers to diffuse in this material when an electrical potential is applied. It is a function of several parameters such as T, P and composition Waff, 1983, 1985; Roberts and Tyburczy, 1999] . The pressure and temperature dependency of the electrical conductivity is described by an Arrhenius law: For silicate glasses and melts, two different electrical conductivity regimes can be distinguished, respectively below and above Tg (the glass transition temperature, Dingwell, 1995; Angell, 2001; Bagdassarov et al., 2001) . The Arrhenius law applies to silicate glasses (e.g. Caillot et al., 1994) . In contrast, above Tg, a non Arrhenian behavior is sometimes observed, which can be accounted for by various formalisms, as the empirical VTF [e.g. Hess Pfeiffer, 1998 ]: (where A, B and T 0 are adjustable parameters) or the Caillot [Caillot et al., 1994] laws. In this study, an Arrhenian formalism was successfully applied above Tg for the three compositions investigated.
The electrical conductivity in amorphous silicates (glasses and melts) is essentially controlled by ionic mobility, electronic mobility being significant for specific conditions (low T) and compositions (iron-rich glasses, Barczynski and Murawski [2002] ). The conductivity measured in amorphous silicates reflects the mobility of several charge carrier ions, the total conductivity being the sum of the individual conductivities [Gaillard, 2004] . In most cases, the conductivity is dominated by only one or two ionic species. Ionic conductivity is related to diffusive transport of charge carriers within the melt, as expressed by the Nernst-Einstein equation:
where D i is the coefficient of diffusion of a ion i (m²/s), q i its charge (C), N i the concentration of i (m -3 ), k B the Boltzmann constant (1.38.10 -23 J/K), T the absolute temperature (K) and Hr the Haven ratio. Hr expresses the mechanisms of migration of charge carriers within the melt.
It generally ranges between 0.2 and 1 for amorphous silicates [Heinemann and Frischat, 1993] and is usually taken equal to 1 for rhyolitic melts [Gaillard, 2004 and references therein] .
The electrical conductivity of silicate melts has been demonstrated to be pressure dependent Waff, 1983, 1985; Bagdassarov et al., 2004; Gaillard, 2004] , although in some studies performed on multiphase assemblages and at high pressure (>1 GPa) no influence of pressure was detected [Scarlato et al., 2004; Maumus et al., 2005] . Regarding the influence of water, Gaillard [2004] observed an increase in conductivity and a decrease of the activation energy with increasing water content, consistent with sodium mobility under dry and hydrous conditions. The strong decrease in the conductivity of hydrous phonolitic melts found by Satherley and Smedley [1985] is probably the consequence of a H 2 O loss, especially at high temperatures. Gaillard and Iacono Marziano [2005] performed experiments on multiphase (crystals+liquid) assemblages and showed the importance of residual melt composition on conductivity measurements. This point stresses the need for systematic investigations of the effect of melt composition on electrical conductivity.
Experiments

Starting products
The starting materials were three natural samples from the Mt. Vesuvius eruptive activity: a phonolite (VES19) from the AD 79 (Pompei) eruption , a phonotephrite (VS88-65B) from the AD 472 (Pollena) eruption [Rosi and Santacroce, 1983] and a tephrite (VES9) from a 8 th century eruption [Cioni, unpublished data] (Figure 1 ).
Both dry and hydrous glass samples prepared from the natural rocks were used for the electrical conductivity measurements. Each rock was finely crushed in an agate mortar. The powder was dried and then melted in air at 1500°C during ~1h. Quenching was performed in air and the resulting bubble-free glass was drilled to cylinders (either 5 or 8 mm OD, length between 4 and 8 mm). These dry glass cylinders were directly used in the electrical conductivity measurements. The composition of the dry glasses is given in Table 1 and shown in Figure 1 . They cover the entire spectrum of differentiation observed at Mt.Vesuvius over the last 10 kyr [Ayuso et al., 1998] concentration of water, the duration of the hydration experiment was determined from the diffusivity of water [Watson, 1994] , and lasted from 3h to more than 20h, depending on the water content and the geometry of our glass cylinders [Crank, 1975] . The hydration experiments yielded hydrous glass samples with 1.1 wt%H 2 O (VES19), 3.5 wt%H 2 O (VS88-65B) and 5.6 wt%H 2 O (VES19), as determined by Karl Fischer Titration. No hydrous glass sample is available for the tephrite (VES9). The hydrous glass samples, which are all bubblefree at a micrometer scale, were drilled to cylinders (5 mm OD, length between 4 and 8 mm), which were then loaded into the conductivity cell.
Experimental equipment and procedures
Conductivity measurements at ambient pressure were conducted in a vertical furnace.
All experiments were performed in air. Temperature, monitored with a Eurotherm controller, was measured by a type-S thermocouple, placed adjacent to the conductivity cell, and is known to within +/-2°C. Both the conductivity cell and the thermocouple were located in the 3 cm hot spot of the furnace.
Experiments at high pressures (both hydration and conductivity experiments) were performed in an internally heated pressure vessel (IHPV), working vertically with argon as the pressure medium [Di Carlo et al., 2006] . Total pressure was measured by a transducer and is known to within +/-2 MPa. A double winding Mo furnace was used. Temperature was monitored with a Eurotherm controller and recorded by two thermocouples adjacent to the sample (thermal gradient <5°C). Although the fO 2 in the IHPV experiments is not precisely known, the use of pure argon (i.e. H-free atmosphere) as pressure medium maintained relatively oxidizing redox conditions [Gaillard, 2004; Di Carlo et al., 2006] , even if less oxidizing than in the ambient pressure experiments performed in air.
Analytical techniques
A SEM (JEOL WINSET JSM 6400, Polytech'Orléans-ISTO) was systematically used in back-scattered mode (1) to investigate processes at the interfaces between the sample and the conductivity cell and (2) to detect the presence of crystals in auxiliary experiments performed to define the crystallisation interval of the three samples at 1 bar.
A Camebax SX-50 electron microprobe (BRGM-CNRS-Université d'Orléans, Orléans) was used to analyse (1) the starting glasses, (2) the experimental products (glasses and crystals) after the conductivity measurements and (3) the components of the conductivity cell (electrodes and alumina ceramic parts, Figure 3 ) after the conductivity measurements.
Analyses were conducted at 15 kV, 6 nA, 10 s on peak and 5 s on background. A defocused beam (8-10 μm) was used to analyse glasses whereas a focused (1-2 μm) beam was used to analyse crystals.
The water content of hydrous samples was measured by Karl Fischer Titration (KFT)
at ISTO, Orléans [Westrich, 1987; Behrens et al., 1996] . Glass samples of at least 10mg were analysed to ensure reproducibility and accuracy. Duplicate analyses were performed and the results averaged (Table 2) . To check the homogeneity of water, the starting glasses were analysed by FTIR using a Nicolet Magna 760 instrument attached to a Nic-Plan microscope [Gaillard et al., 2001] . A Globar SiC source, a MTC/A detector and a CaF 2 beamsplitter were used. Spectra were collected over the 2000-7400 cm -1 range with a 4 or 8 cm -1 resolution and accumulated during 128 scans on double polished samples prepared from each glass. Water concentrations calculated from various analytical spots were identical, showing that water is distributed homogeneously.
Conductivity measurements
Conductivity cell and electrical measurements
For all experiments, we adopted a two-electrode configuration [e.g. (Figure 2b ). For the 0.1 MPa experiments, the conductivity cell is terminated at its bottom by a drilled alumina plug, while the top is in direct contact with air ( Figure 2a ). For the high pressure experiments, the Pt tube is circle-welded at its basis on a Pt cap and separated from the glass sample by an alumina disk. The other extremity of the conductivity cell consists of a drilled alumina plug (Figure 2b ). For both configurations, the alumina plug is glued onto the Pt tube by using a low thermal expansion inorganic cement (Ceramabond). The stability of the cell geometry is essentially ensured by the Pt tube and the alumina plug. Examination of the cell after the experiments confirmed that the initial geometry was conserved. Some melt migration along the walls of the Pt tube was observed in the 0.1 MPa experiments but its influence on geometry is negligible [Gaillard, 2004] . Sometimes the low-viscosity tephritic melt flowed through the drilled alumina plug, in which case results were discarded and the experiment repeated. The experiment was also repeated when a gas bubble grew in the glass cylinder, as observed from inspection of the conductivity cell. Note that with the cell geometries described in Figure 3 , alumina and the inorganic cement may potentially contribute to the measured conductivity, in addition to the silicate sample. However, 0.1 MPa measurements of the conductivity of the inorganic cement showed that its influence is negligible, and Gaillard [2004] and Gaillard and Iacono Marziano [2005] have shown that the influence of alumina can also be neglected. Therefore, the silicate sample is the unique conductive path of the used cell assembly.
In this study, electrical conductivities were derived from complex impedance spectroscopy [Roberts and Tyburczy, 1994] . Electrical impedances of samples were determined at variable frequencies using a Solartron 1260 Impedance Gain Phase Analyser, (Schlumberger Co.) , equipped with Zview software package [Huebner and Dillenburg, 1995; Gaillard, 2004; Maumus et al., 2005] . For each measurement, frequencies were scanned from 1 Hz to 10 6 Hz. Perturbations on electric signals were reduced by minimizing the length of coaxial cables between the impedance spectrometer and the sample. At 0.1 MPa, electrical measurements were performed along heating cycles from ~400°C to ~1300°C, i.e. the electrical conductivities of glass and liquid were measured sequentially. At high pressures, electrical conductivities of glass were measured first by keeping temperatures below Tg, while pressure was varied. Then, temperature was increased so as to reach the stable liquid region and electrical conductivities were recorded at different pressures. In order to demonstrate reproducibility, electrical results obtained along heating cycles were checked against measurements at selected temperatures along cooling cycles. We also checked our experimental setup by comparing the electrical conductivity of a borosilicate with data obtained using the procedure of Malki and Echegut [2003] (Malki, personal communication, 2007) , which uses geometries different from this study. No noticeable differences in electrical conductivity values were noticed for this composition between 300 and 900°C, which lends confidence to the validity of our method, particularly for the calculation of the geometric factor.
Although this paper is aimed at the presentation of electrical conductivity data for glasses and liquids, partial crystallisation of the samples was occasionally observed.
Additional quenching experiments were performed on each sample to delineate the crystallisation intervals at 0.1 MPa, identified in the T range [≥800°C-liquidus (depending on the composition, see Table 2 )]; the crystallisation is heterogeneous, mainly occurring on the walls of the Pt electrodes and is essentially out of equilibrium. This process was heavily marked for the tephritic and phonotephritic samples, whereas the phonolite VES19 weakly crystallised. The interpretation of the conductivity values in terms of liquid and crystals contributions was not possible since the amount of crystals in the conductivity cell could not be characterised. Therefore, electrical conductivity data acquired in the crystallisation range are neither presented (except for VES19 at 0.1 MPa, see 4.2.) nor considered in the interpretations below.
Data reduction
The electrical response of the sample to a scan in frequency is directly observed in the Nyquist plan (Z', Z"), since the complex impedance can be written as the sum of a real and an imaginary parts, Z'+jZ", with j²=-1 ( Figure 3 ). As previously underlined, [e.g. Huebner and Dillenburg, 1995] , the first part of the response (semi-circle, for Z'<R, where R is the electrical resistance of the sample) represents the electrical response of the sample, whereas the second part, (mostly linear, for Z'>R), represents the effect of the interface between the sample and the electrode. The whole measured response can be modelled by a RC-CPE circuit [Huebner and Dillenburg, 1995] (Figure 3 ).
The shape of impedance spectra changed with temperature: at low temperatures (below ~750°C) an impedance arc was observed in the high frequency part; at higher temperatures, no impedance was recorded. However, the quasi-linear portion in the low frequency range was observed in both temperature domains and its intersection with the real axis yielded the value of the resistance of the sample ( Figure 3 ).
For given T and P conditions, electrical measurements were repeated until a stable value of R was reached (generally rapidly within a few minutes, Figure 4a ). In the case of experiments that partially crystallised during the heating cycle, attainment of the stable liquid region required dissolution of all pre-existing crystals. Crystal dissolution is marked by a progressive increase in electrical conductivity and, to be completed, needed durations of the order of a few hours (Figure 4b ).
The electrical conductivity σ is obtained from the electrical resistance R of the sample by using the relation [e.g. Gaillard, 2004] :
where 
Results
Interaction processes between conductivity cell and sample
In order to characterize chemical interaction processes between components of the conductivity cell and sample that could affect the measurements, the interfaces between glass and Pt electrodes and glass and alumina have been carefully investigated after most electrical conductivity experiments.
Electron microprobe traverses performed across the Pt electrode -glass interfaces showed no significant variations in oxide concentrations, except for FeO. Interface FeO concentrations were depleted by ~10% in the high-pressure experiment performed on VES9, but showed significant change neither in the case of the 1 atm experiment on VES9 nor of the high-pressure experiment on VS88-65B (Table 2) . Iron was found to be present at very low concentrations (<0.5%) in Pt electrodes from the 0.1 MPa experiments. However, in the highpressure experiments, iron concentrations at the wt% level were sometimes detected in the outer rims of the Pt electrodes, consistent with more reducing conditions than at 0.1 MPa.
Therefore, we conclude that iron loss to the electrodes was of minor importance in this study.
Electron microprobe traverses across the Al 2 O 3 plug -glass interface revealed the presence near the alumina plug of an Al-, K-, Na-enriched and Si-, Fe-, Mg-depleted glass zone.
However, these chemically anomalous zones are about 200-300 µm thick, represent only ~3% of the total height of the sample, and their presence was neglected in the interpretation of the results.
At the interface between the glass sample and alumina, a nearly continuous 10-25 µm thick layer of Al-Mg-Fe-spinel was observed for the phonotephritic and tephritic compositions. For the phonolitic composition, no spinel was observed and the interface is crystal-free. Because the electrical conductivity of Fe-Al-Mg spinel is known [Nell et al., 1989] , the contribution of the spinel and melt to the measured conductivity can be evaluated.
Since the spinel and liquid arrangement corresponds to a parallel model, the measured electrical resistance (effective resistance) of the circuit can be written as follow [after Glover et al., 2000] :
where R eff is the effective resistance (Ohm), χ sp the volume fraction of spinel, R sp the resistance of the spinel (Ohm) and R liq the resistance of the studied sample (Ohm). The calculations show that, in the case of the phonotephritic melt, the measured conductivity corresponds to at least 99.998% of the conductivity of the melt and, in the case of the tephritic melt, to at least 99.500%. Thus, because the volume of spinel is much lower than the volume of the melt, the melt is the dominant electrical contributor.
Effect of temperature and melt composition
For the three samples investigated, electrical conductivity data are available in two distinct temperature domains, separated by an interval where crystallisation was observed. In both domains, increasing T increases the electrical conductivity ( Figure 5 ). Good agreement is observed between data obtained along heating cycles and the few data points obtained along cooling cycles, which demonstrates reproducibility. The non-linearity between log σ and 10 4 /T over the whole interval of temperature indicates a change of the conduction mechanism.
Such a change in behavior, graphically represented by a kink in the conductivity data versus T plot ( Figure 5 ), is classically interpreted as corresponding to the glass transition temperature (Tg) [Dingwell, 1995; Angell, 2001; Bagdassarov et al., 2001] . It marks the transition between an activated (T<Tg) and an assisted (T>Tg) transport mechanism [Déportes et al., 1994] . On Figure 5 , Tg is located at ~670°C (+/-15°C) for the three compositions studied. For the three samples, the increase in electrical conductivity between 450 and 1300°C is of about 4.5 log units for the tephrite and the phonotephrite, and 4 log units for the phonolite. At temperatures below Tg, the conductivity displays a linear increase with reciprocal temperature and the data can be fitted by sample-specific Arrhenius laws (Table 3) . Above Tg, an empirical VTF formalism was first considered to fit the data. However, a low value of T 0 (the VTF temperature) was obtained, and the data in the liquid region were better fitted by samplespecific Arrhenius laws (Table 3 ). The use of σ 0 /T instead of σ 0 in the Arrhenian formalism was also considered but did not improve the fit. In both glass and melt regions, σ phonolite > σ phonotephrite > σ tephrite so that the more polymerised the melt, the higher the conductivity. At 1200°C, the conductivity of the phonolite, the most polymerised sample, is 0.6 log unit higher than the conductivity of the tephrite, the less polymerised sample.
Effect of pressure
As shown on Figure 6 , increasing P decreases the conductivity. This effect was observed for the three compositions, both in the glass and liquid regions. The variation of electrical conductivity with pressure is between 0.5 and 0.25 log units in the glass and liquid regions, respectively, between 0.1 and 400 MPa. For example, at 1200°C, the electrical conductivity of the tephrite at 400 MPa decreases by ~50% relative to that at 0.1 MPa. These variations are in the same range than those observed by Tyburczy and Waff [1983] for tholeiitic-andesitic melts. Thus, our results confirm that the electrical conductivity is less dependent on pressure than on temperature [Tyburczy and Waff, 1983] .
In detail, the decrease in conductivity with increasing pressure is more marked in the liquid than in the glass region and appears to vary with the nature of the starting sample (Fig   6b) . The pressure effect is the smallest for the tephrite composition, whilst the phonotephrite and phonolite samples exhibit similar pressure dependences. This is consistent with the influence of pressure being related to the degree of melt polymerisation, the more polymerised the melt, the greater the pressure dependency of the electrical conductivity [Tyburczy and Waff, 1983] . Nevertheless, the compositional influence on the effect of pressure remains small, as illustrated by the similar ΔV values of the Arrhenius laws obtained for the three compositions (16-24 cm 3 /mol, Table 3 ).
Effect of water
Conductivity data for hydrous phonotephrite and phonolite melts under pressure show that increasing the water content of the melt increases the conductivity (Figure 7) . The influence of H 2 O is more marked at low than at high temperature. In the Log σ vs 1/T plot, Figure 7b ).
Analysis of the glasses after the conductivity measurements shows that all hydrous samples are partially crystallised and have lost water to different extents (Table 2) .
Crystallisation in those samples is most probably related to the slow quenches that were applied after the completion of the electrical measurements. The loss of water probably occurs near the end of the experiment since (1) a regular and progressive increase of the electrical conductivity is observed with increasing melt water content and (2) the effect of water on conductivity is clearly marked on the whole T range. For the two heating cycles performed on hydrous phonolite liquids (Figure 7a ), an influence of water is apparent until the highest temperatures investigated (1250 and 1276°C, Table 2 ), suggesting that the bulk of the water was still dissolved in the melts.
Discussion
Transport mechanisms
The evolution of the electrical conductivity with temperature demonstrates a dual behavior below and above the glass transition ( Figure 5 ). For the three samples studied, two different Arrhenius laws (Table 3 ) are necessary to model the temperature and pressure dependence of the electrical conductivity, underlining the existence of two different transport mechanisms (conductivity regimes) within the studied samples (i.e. one in the glass region, the other in the liquid region) [Dingwell, 1995] . A similar value of Tg was observed for the three dry studied compositions (~670°C (+/-15°C), in agreement with the value obtained for a phonolite by Giordano et al. [2005] ). Our conductivity measurements did not permit to determine a significant effect of pressure on Tg values. Previous work [Bagdassarov et al., 2004] has shown only a small increase of Tg with pressure (a few °C/GPa).
Our determined values of activation volumes range between 16 and 24 cm 3 /mol. These are comparable to those obtained by Gaillard [2004] on a rhyolite (20 cm 3 /mol) and by Tyburczy and Waff [1985] on an andesite (17.9 cm 3 /mol) at similar pressures (<1 GPa).
However, at pressures >1 GPa, ΔV values are generally much lower (<6 cm 3 /mol) than at lower pressures [Tyburczy and Waff, 1985] . This range of activation volumes is consistent with ΔV=5.4 cm 3 /mol for an albite melt between 2.6 and 5.3 GPa [Bagdassarov et al., 2004] .
We conclude that our determined ΔV are similar to those derived from other studies at relatively low pressures.
Activation energies (Ea) from conductivity data [this study , Presnall, 1972; Waff, 1983, 1985; Park and Ducea, 2003; Scarlato et al., 2004; Gaillard, 2004; Gaillard and Iacono Marziano, 2005] can be compared with activation energies of diffusion data on sodium [Henderson et al., 1985; Jambon, 1982] in Figure 8a . The sodium was indeed identified as the main charge carrier in silicic to basaltic melts Waff, 1983, 1985; Gaillard, 2004; Gaillard and Iacono Marziano, 2005] . Globally, Ea increases as NBO/T increases. Apart from the diffusion data for the Pitchstone rhyolite that shows an anomalously high Ea [Henderson et al., 1985] , there is good agreement between Ea derived from Nadiffusion and electrical conductivity. This allows us to interpret sodium as the dominant charge carrier in the liquid region of our studied samples.
On Figure 8b , pre-exponential factors σ 0 are plotted versus activation energies Ea for both Na-diffusion and conductivity measured in compositions including basalt-andesitephonolite-rhyolite. All data consistently plot on a single linear trend, which enlightens the influence of composition on Arrhenius parameters. The data of studies mentioned above, for conductivity measurements and for Na-diffusion measurements, are plotted. The data point of Presnall et al. [1972] suggests that the conductivity is also probably dominated by sodium in their synthetic basaltic melt. The dataset can be successfully fitted by a single trend, which is illustrated by the straight line on Figure 8b :
where Ea is the electrical activation energy (kJ/mol) and σ 0 is the pre-exponential factor ((Ohm.m) -1 ). Such a correlation between Arrhenius parameters is often mentioned in the literature as the compensation effect [Wu and Zheng, 2003] The nature of the main charge carriers in the liquid region, irrespective of the melt composition and the water content of the melt, is confirmed using the Nernst-Einstein equation (3), which shows that the alkali, particularly sodium, contribute to more than 80% of the total electrical conductivity. Calculation was performed at 1300°C with diffusivity data from Alibert et al., 1980; Henderson et al., 1985; Wendlandt, 1991; Kress et al., 1993 ) was calculated. The Haven ratio Hr was taken equal to 1 [Gaillard, 2004] , which is equivalent to assume that the charge carriers move independently through a direct interstitial mechanism [Heinemann and Frischat, 1993; Roling, 1999] . Attempts to calculate Hr directly from Eq.3 using measured electrical conductivities and diffusivities from the literature yielded poorly constrained results because there are no Na diffusion data available for our studied compositions. Nevertheless, a value of Hr of 0.38 is obtained for our tephritic melt by using the diffusion coefficient for Na + in basaltic melt from Henderson et al. [1985] . We note that Gaillard and Iacono Marziano [2005] calculated a Haven ratio of 0.4 for their basaltic composition, which compares well with our estimation and suggests that depolymerised silicate melts tend to yield lower Hr values than polymerized ones.
For all compositions shown in Figure 8 , at T<T char , the more polymerised the melt, the greater the conductivity, i.e. charge carriers migrate faster in polymerised melts than in depolymerised melts. This is in agreement with the data of Henderson et al. [1985] and Mungall [2002] who stressed out that the diffusion of alkali in silicate melts increases with the degree of polymerisation. In the same way, the more polymerised the melt, the greater the viscosity. Thus, both the electrical conductivity and the viscosity react in the same direction to changes in the degree of polymerisation. Note that this is in apparent contradiction with Eyring's law, which specifies that the diffusion coefficient (or the electrical conductivity)
would be inversely proportional to the viscosity [Reid et al., 2001] :
where D is the diffusion coefficient (m²/s), k B the Boltzmann constant, T the temperature (K), η the viscosity (Pa.s), and λ the translation distance of the diffusing ion (Å). This apparent contradiction can be explained since D in the Eyring's law refers to the mobility of the SiO 2 framework and not to the mobility of the alkali.
The positive effect of water on the electrical conductivity was clearly observed in this study. The magnitude of the effect of water is comparable to the one observed by Gaillard
[2004] on rhyolitic melts. The conductivity enhancement was attributed to the effect of water incorporation in the rhyolitic melt on the mobility of Na. We can therefore anticipate that the increase in conductivity as water is incorporated in our melts reflects an enhancement of Namobility as well. Protons are not expected to contribute to the ionic conductivity in natural melts because hydrogen has been shown to move as neutral molecules (either H 2 O or H 2 ) in alumino-silicate melts [Zhang and Stolper, 1991; Gaillard et al., 2003; Behrens et al., 2004] .
Behrens et al. [2002] proposed that for hydrous BaSi 2 O 5 glass, H + could significantly contribute to the measured conductivity, and attributed this finding to the strongly depolymerised character (NBO/T=1.5) of the studied glass. However, the effectiveness of proton migration in silicate melts and its possible contribution to electrical charge transfer remain debated.
Because of the presence of iron in our samples, electronic conductivity can also occur, particularly in the glass region [Cooper et al., 1996] . For instance, Barczynski and Murawski [2002] demonstrated that iron-rich glasses (from 20 to 32 wt% of FeO) are good electronic conductors at low T, and that small polaron hopping is a possible charge carrier transport process in such glasses. However, the Fe content of our three studied samples is much lower than in Barczynski and Murawski [2002] . In addition, the mean interatomic distance of iron in our studied materials is greater than 1nm (using chemical compositions from Table 1 and measured densities of anhydrous glasses). At such long distances, charge transfer between iron atoms are not anticipated (H. Behrens, personal communication).
Calculation of electrical conductivity of natural melts
Calculation of the electrical conductivity of natural melts requires three parameters to be specified: Ea, σ 0 and ΔV (Eq. 1). Below, we propose a semi-empirical method allowing the determination of these three parameters, both for the Vesuvius and other natural magmatic liquids.
As the activation energy Ea in our melts decreases with increasing sodium content and is probably function of the ionic characteristics of the charge carrier (ionic radius, valency, jump distance), we have used the Anderson-Stuart model to compute Ea values for natural melts [Anderson and Stuart, 1954; Nascimento and Watanabe, 2007 and references therein] . This model, initially based on ionic crystal and elasticity theories, predicts the activation energy of ionic conduction in silicate glasses. The activation energy, Ea, is expressed as the sum of two energies: the electrostatic binding energy, Eb, and the strain energy, Es, which are expressed as: 
Since our data clearly show a decrease in Ea with increasing water content (Table 3) , a water term has been added in the expression of Ea. The effect of the addition of water was considered to be essentially mechanical, inducing a local dilatation effect of the structure, allowing Na + ions to move more freely. Consequently, a modification of the Es term was introduced, since Es describes the mechanical forces applied on the charge carrier [Nascimento and Watanabe, 2007] . The strain energy Es of hydrous melts can be written as:
where wt%H 2 O is the water content of the melt (wt%). Ea calculated from the AndersonStuart model (Eq. 9 to 11) are in good agreement with Ea determined for the three Vesuvius melt compositions (Table 3) . Measured activation energies are reproduced with a correlation coefficient of 0.999 and an average error of 3% relative.
The pre-exponential term (σ 0 ) was calculated using the compensation law (Eq.7) applied to our compositions, with Ea calculated with Eq.9 to 11.
The Arrhenius laws obtained for the different experiments show grouped ΔV values (Table 3) . Consequently, we have assumed that the ΔV term is independent of composition and water contents. ΔV was fitted from our experimental conductivity data with Ea being calculated from Eq. 9 to 11 and σ 0 from the compensation law. This yields an activation volume of 2.10 -5 m 3 /mol (i.e. 20 cm 3 /mol), in the middle of the range of ΔV values of the Arrhenian equations (Table 3) . The model (with Ea calculated using the Anderson-Stuart formalism, σ 0 from the compensation law and ΔV=20 cm 3 /mol) reproduces measured conductivity values with a correlation coefficient of 0.985 and an average error of 11%
relative. We have also tested the model against conductivity data from Presnall [1972] , Waff [1983, 1985] , Satherley and Smedley [1985, dry lava], Park and Ducea Gaillard [2004] and Gaillard and Iacono Marziano [2005] . We did not consider data from Na diffusion here. Indeed, the calculation of conductivities from Na diffusion using the Nernst-Einstein equation did not constrain sufficiently the value of σ, because of the lack of data about the value of the Haven ratio. The data of conductivity studies are reproduced with a difference less than 0.5 log-unit (except for the data about the tholeiite from Tyburczy and
Waff and for the data of Gaillard and Giacono Marziano, which are reproduced with a difference between 0.5 and 0.7 log-unit). We conclude that the above model is able to calculate the electrical conductivity of common natural melts. Since Eq. 7 and 11 have been established for water contents ranging from 0 to 6 wt%, use of the model above 6 wt% is not recommended, since an increase of the water content of the melt can have a dilution effect on Na which, thus, may influence the conductivity [Gaillard, 2004] . In the same way, extrapolation of the model at pressures significantly above 400 MPa is not recommended, since experimental calibrating data are lacking above 400 MPa.
Volcanological implications for Mt. Vesuvius
As demonstrated by Roberts and Tyburczy [1999] , the Archie's law conduction model may be used to estimate the electrical conductivity of magmatic suspensions. Glover et al. We used m=1.05 [Gaillard and Iacono Marziano, 2005] . For the case of Mt. Vesuvius magmas, crystals considered are mixtures of leucite and clinopyroxenes. Tyburczy and Fisler [1995] provide data on the electrical conductivity of these two mineral phases as a function of temperature. The electrical conductivity of the pure liquid phase is calculated by using an Arrhenian formalism, with Ea from Eq. 9-11 and σ 0 from the compensation law applied to our melts.
Using the modified Archie's law, the electrical conductivity of tephritic to phonolitic magmas can be estimated during crystallization. Typical phenocryst contents of Vesuvius eruptions ranges between 10 and 20% [Rosi and Santacroce, 1983; Cioni et al., 1995] .
Phenocryst modes of 50%Cpx and 50%Lc are assumed. For the phonolitic magma erupted during the Pompei eruption, the electrical conductivity calculations were carried out for a temperature of 815°C and a melt water concentration of 6 wt%H 2 O Scaillet et al., 2007] . wt% [Scaillet et al., 2007] . For the tephritic magma, the calculated conductivity ranges Fulignati et al., 2004; , which would hamper the identification of magma from the inversion of the MT data. Yet, we note that the magmatic conductivity value the closest to the maximum measured from MT studies concerns the tephriphonolitic magma. Current models for Mt. Vesuvius favour a future eruption of tephriphonolite magma similar to the Pollena event [Santacroce et al., 1987; .
Increasing the crystal content of the magma above 20% or increasing the Lc/Cpx proportion above 1 would partially bridge the gap between magma and electrical conductivities measured by MT studies. The MT results could thus be compatible with a low-temperature crystal-rich magmatic system, consistent with the interpretations of seismic tomography data [Zollo et al., 1998; Auger et al., 2001] .
Conclusions
Electrical impedance measurements have been used to discriminate the effects of (TAS plot) showing the composition of the starting rock samples : tephrite (VES9), phonotephrite (VS88-65B) and phonolite (VES19). See text for provenance of the samples and eruptions. The area delimited by the dashed line is the range of products erupted by Mt. Vesuvius since 10 kyrs [Ayuso et al., 1998 ]. Figure 3 : Electrical responses observed in the Nyquist plan (Z', Z") for the dry phonotephrite sample (VS88-65B) at 1 atm, 570°C (a) and 1 atm, 1200°C (b). The first part of the response (semi-circle, for Z'<R) represents the electrical response of the sample while the second part, (mostly linear, for Z'>R), represents the effect of the interface between the sample and the electrode. Impedance arcs were observed only at low temperatures (below ~750°C, a). At higher temperatures, no impedance arcs were observed (b). R (resistance of the sample (ohm)) is obtained for Z"=0 and represents the real part of the complex impedance (Z', see text). The electrical response of the sample corresponds to the association of a resistor connected in parallel to a capacitor (R1//C) and a Constant Phase Element with another resistor (R2+CPE) [Huebner and Dillenburg, 1995] . Figure 4 : Types of evolution of the electrical resistance with time illustrated by the tephrite sample VES9 and the phonolite sample VES19. (a) corresponds to the normal case where a stable value of electrical conductivity is reached in a few minutes. In contrast, in (b), the attainment of a stable conductivity value requires several hours. This behavior is interpreted as reflecting the slow dissolution of pre-existing crystals (in that particular case, most probably leucite) formed during heating up. Figure 5 : Dependence of the electrical conductivity with temperature for the three samples studied. The electrical conductivity data are available in two distinct temperature domains, broadly corresponding to the glass and liquid regions. The inset graph focuses on the high temperature data. In the interval separating these two regions, no conductivity data for the liquid can be obtained because of partial crystallization. The kink in the electrical conductivity data is interpreted as the glass transition (Tg), located at ~670°C for the three samples. The straight lines are polybaric regressions calculated with the Arrhenius laws (Table 3 ). For comparison, the conductivity law for a dry obsidian is shown (dashed line, Gaillard, 2004) . Table 3 ). The effect of pressure is to decrease the electrical conductivity in both the glass and the liquid regions. 8 : (a) Comparison at 1 atm between activation energies (Ea) for ion mobility determined from electrical conductivity measurements (this study; Gaillard and Iacono Marziano, 2005; Scarlato et al., 2005 ; Gaillard, 2004; Park and Ducea, 2003 ; Waff, 1983, 1985; Presnall, 1972) and Na diffusion experiments (Henderson, 1985; Jambon, 1982) . Data for rhyolitic (NBO/T<0.1) to basaltic (0.7<NBO/T<0.8) anhydrous melts. The straight line is the fit corresponding to our data, the dashed line fits the data of Tyburczy and Waff. (b) Compensation plot for the conductivity of silicate melts. Data from this work, dry and hydrous products and the studies mentioned above. The straight line is the fit corresponding to the whole data (see text). 
